Introduction {#S0001}
============

Latent autoimmune diabetes in adults (LADA) is a slowly progressing form of autoimmune diabetes with older age at onset compared with classical type 1 diabetes (T1DM) and also characterized by β-cell associated antigen positivity.[@CIT0001] Some studies have reported that the decreasing rate of islet β-cell function in LADA was highly heterogeneous, and was approximately three times higher than that in patients with type 2 diabetes mellitus (T2DM).[@CIT0002] It is typically challenging to distinguish LADA from T2DM because they share a similar initial clinical presentation; however, LADA requires earlier insulin treatment compared with T2DM.[@CIT0003] Early insulin therapy leads to better preservation of metabolic control compared with treatment using oral hypoglycemic agents (OHA) only.[@CIT0004] Early diagnosis of LADA would, therefore, enable clear anticipation of disease progression and β-cell loss, which would reduce treatment inertia in insulin use when it is needed.

Islet β-cell function evaluation is a major concern when establishing a diagnosis of LADA and initiating insulin therapy.[@CIT0005] Although the detection of autoantibody, glutamic acid decarboxylase antibody (GADA), and insulinoma-associated-2 autoantibodies (IA-2A) has been considered essential for the diagnosis of LADA, practical considerations have limited the widespread use of these measurements. Poor endogenous insulin secretion is typically the main symptom of LADA in clinical practice, and some previous studies have therefore adopted endogenous insulin production assessment in LADA diagnosis.[@CIT0006] C-peptide is a reliable marker of endogenous insulin production and can be used even when patients are receiving insulin treatment. Serum C-peptide measurement when fasting or after stimulation is commonly used for the assessment of endogenous insulin secretion.[@CIT0007] However, these tests are invasive, and practicalities of collection limit widespread use. The urine C-peptide creatinine ratio (UCPCR) represents a non-invasive practical alternative, and the stability of C-peptide in urine even allows outpatient or community testing.[@CIT0008] UCPCR had demonstrated high correlation with the "gold standard" measure of endogenous insulin secretion, the formal mixed-meal tolerance test (MMTT), in both T1DM and T2DM.[@CIT0008],[@CIT0009] Some studies have also supported the use of this novel, noninvasive marker for endogenous insulin secretion in the differential diagnosis of T1DM[@CIT0010] and maturity-onset diabetes of the young (MODY),[@CIT0011] and for detecting absolute insulin deficiency in T2DM.[@CIT0012] To the best of our knowledge, no studies to date have used UCPCR to differentiate LADA from other types of diabetes. The aim of the present study was therefore to evaluate the performance of UCPCR in establishing the diagnosis of LADA.

Materials and Methods {#S0002}
=====================

Study Population {#S0002-S2001}
----------------

A total of 574 participants with diabetes (61 T1DM, 471 T2DM, and 42 LADA) were recruited consecutively from 01 December 2017 to 01 March 2019 at the Endocrinology Department of Peking University People's Hospital. Inclusion criteria were age 18--80 years, and a clear diabetes classification diagnosis. Participants who were pregnant or experiencing a menstrual period at the time of urine sample collection were excluded from the study.

Diabetes was diagnosed in accordance with 1999 World Health Organization (WHO) criteria.[@CIT0013] Individuals with LADA were recruited based on criteria used in previous studies: (1) positive for at least one autoantibody (GADA, IA-2A); (2) age ≥30 years at onset of diabetes; and (3) at least 6 months of therapy without insulin.[@CIT0014],[@CIT0015] T1DM was diagnosed in patients who met at least one of the following criteria: diagnosed at aged 35 years or younger, diabetes ketone acidosis (DKA) at the onset of disease, deficient C-peptide level, and signs of repeated ketosis when insulin was discontinued during the first 6 months after diagnosis. For those with age at onset between 30 and 35 years, whether DKA co-existed upon diagnosis, C-peptide level and hypoglycemic medical treatment during the first 6 months after diagnosis were carefully reviewed for differentiation of LADA and T1DM. T2DM was diagnosed by gold standard OGTT (oral glucose tolerance test) in adult patients with non-ketosis onset diabetes and negative GADA and IA-2A. All diagnoses were made by one endocrinologist and confirmed by another blinded endocrinologist.

The study was approved by the Ethics Committee on Human Research of Peking University People's Hospital, and was performed in accordance with the Declaration of Helsinki (2013 revision). All subjects provided written informed consent to participate.

Sample Collection {#S0002-S2002}
-----------------

All participants underwent physical examinations including height and weight measurement. Body mass index (BMI) was calculated as weight (kg) divided by squared height (m). Blood samples were collected in the morning after 8--12 hrs of fasting. Triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), fasting plasma glucose (FPG), and fasting C-peptide were determined by an enzyme immunoassay method using a biochemical analyzer (7600-120; Hitachi, Tokyo, Japan). The level of hemoglobin A1c (HbA1c) in whole blood was measured by automated high-performance liquid chromatography (Primus Ultra 2, Trinity Biotech, Bray, Co. Wicklow, Ireland) according to a standard procedure. GADA and IA-2A were measured in all subjects for diagnosis purposes using a biotin-coupled sandwich ELISA (RSR Limited, Pentwyn, Cardiff, UK). Blood samples testing was performed within 6 hrs of collection.

UCPCR Analysis {#S0002-S2003}
--------------

Urine samples were collected 2 hrs after a standard breakfast in hospital, which contained an appropriate calorie content and was adjusted for the age and weight of the participant under light physical labor conditions. Urinary C-peptide was tested using the same procedure as for serum C-peptide. Urinary creatinine level was measured using an electrochemiluminescence immunoassay on a Roche Diagnostics Cobas e601 analyzer. The urinary C-peptide level was divided by the urinary creatinine level to calculate UCPCR (nmol/mmol). Urine samples were stored at −80°C and tested within 72 hrs of collection.

Statistical Analysis {#S0002-S2004}
--------------------

Results are presented as the mean, unless otherwise stated. Characteristics of participants with T1DM, T2DM, and LADA were compared by chi-squared test for categorical data (sex and marriage status) and ANOVA for other comparisons between the three groups. To adjust for possible confounders, differences in clinical features and biomarkers between the three groups (compared with T2DM) were assessed using multinomial regression to determine odds ratios. All parameters with a statistical significance \<0.05 in the chi-squared and ANOVA analyses were included in the multinomial regression model. A receiver operating characteristic (ROC) curve was used to identify the cut-off point of UCPCR that yielded the optimal sensitivity and specificity (maximizing Youden index) for distinguishing LADA from T2DM. Differences were considered significant at p \< 0.05. Statistical software SPSS 23.0 was used for the statistical analysis. MedCalc V15.2 was used for comparing different ROC curves of serum C-peptide and UCPCR in distinguishing LADA and T2DM.

Results {#S0003}
=======

Cohort Characteristics {#S0003-S2001}
----------------------

Sociodemographic and clinical characteristics for all participants are presented in [Table 1](#T0001){ref-type="table"}. 42.9% of participants in LADA were male, while 59.0% and 56.9% of participants in T1DM and T2DM were male. LADA participants were younger than those with T2DM but older than those with T1DM (53.7±12.0 years vs 56.2±13.4 years vs 42.9±18.5 years, p\<0.05). Age at diagnosis was markedly older in LADA than T1DM (43.8±10.4 vs 31.8±17.2, p\<0.05). BMI was highest in T2DM and lowest in T1DM, with LADA in the middle (27.2±4.1 kg/m^2^ vs 22.0±2.8 kg/m^2^ vs 23.0±3.8 kg/m^2^, p\<0.05). HbA1c level was similar among all three groups (p=0.07). In the lipid profile, LADA and T1DM showed higher HDL-C and lower triglyceride than T2DM (1.3±0.4 mmol/L and 1.3±0.3 mmol/L vs 1.0±0.2 mmol/L, p\<0.05; 1.1±0.5 mmol/L and 1.2±2.0 mmol/L vs 2.0±1.5 mmol/L, p\<0.05). Fasting C-peptide was highest in T2DM and lowest in T1DM while LADA in the middle (2.3±1.7 ng/mL vs 0.2±0.5 ng/mL vs 0.6±0.7 ng/mL, p\<0.05). In general, LADA showed overlapping clinical features with T1DM and T2DM.Table 1Sociodemographic and Clinical Characteristics of ParticipantsAll n = 574T1DM n = 61T2DM n =471LADA n=42P Value†Male, n (%)322 (56.1)36 (59.0)268 (56.9)18 (42.9)\<0.05Marriage status, n (%) In marriage/cohabitation501 (87.3)40 (65.6)421 (89.4)40 (95.2)\<0.05 Unmarried/divorce/widowed73 (12.7)21 (34.4)50 (10.6)2 (4.8)\<0.05Mean (SD) age, years54.6 (14.5)42.9 (18.5)56.2 (13.4)53.7 (12.0)\<0.05Mean (SD) age at diagnosis, years42.8 (12.7)31.8 (17.2)44.1 (11.5)43.8 (10.4)\<0.05Mean (SD) diabetes duration, years11.9 (8.6)11.1 (10.3)12.1 (8.4)9.9 (7.2)0.21Mean (SD) BMI, kg/m^2^ ^a^26.3 (4.4)22.0 (2.8)27.2 (4.1)23.0 (3.8)\<0.05Mean (SD) HbA1c, %^a^9.3 (2.0)9.5 (2.2)9.2 (2.0)9.9 (1.9)0.07Mean (SD) total cholesterol, mmol/L^a^4.4 (1.1)4.4 (1.0)4.4 (1.1)4.5 (1.4)0.77Mean (SD) HDL-C, mmol/L^a^1.0 (0.3)1.3 (0.3)1.0 (0.2)1.3 (0.4)\<0.05Mean (SD) LDL-C, mmol/L^a^2.8 (0.8)2.8 (0.9)2.8 (0.8)2.9 (0.9)0.78Mean (SD) triglyceride, mmol/L^a^1.8 (1.6)1.2 (2.0)2.0 (1.5)1.1 (0.5)\<0.05Mean (SD) fast plasma glucose, mmol/L^a^7.9 (3.3)10.1 (4.9)7.5 (2.9)9.2 (4.0)\<0.05Mean (SD) fast C-peptide, ng/mL^a^1.9 (1.7)0.2 (0.5)2.3 (1.7)0.6 (0.7)\<0.05Mean (SD) UCPCR, nmol/mmol1.0 (0.9)0.2 (0.3)1.2 (0.9)0.4 (0.6)\<0.05[^1]

Comparison of UCPCR Among Different Types of Diabetes {#S0003-S2002}
-----------------------------------------------------

UCPCR was lower in LADA (0.4±0.6 nmol/mmol) compared with T2DM (1.2±0.9 nmol/mmol) but higher than T1DM (0.2±0.3 nmol/mmol) (p\<0.05). After adjustment of confounders (gender, age, age at diagnosis, BMI, HDL-C, triglyceride) in the multinomial regression model, UCPCR was still associated with LADA diagnosis: OR (95% confidence interval (CI)), 0.29 (0.09, 0.95) ([Table 2](#T0002){ref-type="table"}). Other factors associated with LADA diagnosis were fasting plasma glucose and fasting C-peptide (OR (95% CI), 1.28 (1.09, 1.50) and 0.30 (0.11, 0.82), respectively).Table 2Predictive Markers Associated with LADA DiagnosisType 1^a^LADA^a^OR95% CIOR95% CIMale1.990.58, 6.810.680.24, 1.90Age, years0.960.90, 1.030.950.90, 1.01Age at diagnosis, years0.970.90, 1.051.040.97, 1.12BMI, kg/m^2^0.660.54, 0.810.860.73, 1.02HDL, mmol/L0.510.05, 5.023.170.46, 21.71Triglyceride, mmol/L1.120.86, 1.470.580.24, 1.43Fast plasma glucose, mmol/L1.421.19, 1.701.281.09, 1.50Fast C-peptide, ng/mL0.050.01, 0.240.300.11, 0.82UCPCR, nmol/mmol0.150.03, 0.920.290.09, 0.95[^2]

Performance of UCPCR in Distinguishing LADA from T2DM {#S0003-S2003}
-----------------------------------------------------

UCPCR was able to distinguish LADA from T2DM. The highest Youden index for identifying LADA from T2DM was 0.46 nmol/mmol, with 82.1% sensitivity and 76.7% specificity (AUC, 0.835, 95% CI (0.742--0.928), p\<0.001, [Figure 1](#F0001){ref-type="fig"}).Figure 1ROC curve to identify LADA from T2DM. The green curve represents a cutoff UCPCR ≥ 0.46 nmol/mmol for discriminating LADA from T2DM (AUC 0.835) with 82.1% sensitivity and 76.7% specificity. The blue curve represents the performance of fasting C-peptide in distinguishing between LADA and T2DM. The difference in AUC between UCPCR and serum C-peptide was 0.0549, Z statistic was 1.72, and P = 0.08. ROC, receiver operating characteristic; LADA, latent autoimmune diabetes in adults; T2DM, type 2 diabetes mellitus; UCPCR, urine C-peptide creatinine ratio; AUC, area under the curve.

Furthermore, the comparison of ROC curves for UCPCR and serum C-peptide in distinguishing LADA and T2DM showed no significant difference (difference in AUC between UCPCR and serum C-peptide was 0.0549, Z statistic was 1.72, and P = 0.08).

Discussion {#S0004}
==========

In the present study, we used a novel non-invasive urine test for UCPCR to identify LADA diagnosis. UCPCR level was highest in T2DM and lowest in T1DM with LADA in the middle, and UCPCR was associated with LADA even after adjustment for confounders in multinomial regression. ROC analysis confirmed UCPCR ≤ 0.46 nmol/mmol as a cut-off point for distinguishing LADA from T2DM. To the best of our knowledge, the present study is the first to adopt UCPCR for the diagnosis of LADA.

LADA displays overlapping characteristics with T1DM and T2DM. Given its latent and slow progression, it can be difficult to distinguish LADA from T2DM at the onset of the disease. However, autoimmune destruction persists during the course of LADA, meaning that insulin treatment is inevitable for disease management.[@CIT0003] The availability of treatment strategies for LADA is limited by insufficient information from randomized controlled trials. Some studies have indicated that patients with LADA should be started on insulin or an incretin-based therapy,[@CIT0016],[@CIT0017] while sulfonylurea treatment is discouraged as it has been associated with a more rapid loss of insulin secretory capacity compared with insulin.[@CIT0018] Personalized treatment is needed in LADA since the retrogression of endogenous insulin production is highly heterogeneous among patients with LADA.[@CIT0003] Furthermore, early detection of LADA, particularly as distinct from T2DM, is important so that insulin can be initiated earlier, thus facilitating a more rapid improvement in glycemic control as well as the preservation of residual β-cell function.[@CIT0003] Therefore, we focused on using a practical and easy urine test to differentiate LADA from T2DM in the current study.

Sociodemographic and clinical features of the participants in our study showed that LADA resembles the characteristics of both T1DM and T2DM in many ways, such as age at onset and BMI. Meanwhile, in our study, higher proportion of female patients was in LADA. This was in accordance with the Epidemiological Study of Risk Factors for LADA and Type 2 Diabetes (ESTRID) study, in which 45.7% and 39.2% of participants were female in LADA and T2DM, respectively.[@CIT0019] Another study in China focusing on pancreatic volume in LADA also suggested that the proportion of female participants was higher in LADA than in T2DM.[@CIT0020] This might be explained physiologically by the fact that LADA was associated with autoimmune destruction of β-cell, and autoimmunity diseases were more likely to happen in female.

In the present study, UCPCR was lower in LADA compared with T2DM but higher than in T1DM. Owing to the absolute insulin deficiency pathogenesis of T1DM, previous studies have also reported that UCPCR in T1DM is lower than in other subtypes of diabetes.[@CIT0021],[@CIT0022] Since LADA resembles T1DM, but with a slower progression to absolute insulin requirement, it is reasonable to expect that UCPCR in LADA is higher than T1DM.

Diagnostic criteria remain controversial even more than 30 years after LADA was first described[@CIT0023] and commonly adopted items include the measurement of circulating islet autoantibodies, which is expensive and difficult to implement. Some researchers have adopted C-peptide in the diagnosis of LADA,[@CIT0024],[@CIT0025] as it can represent endogenous insulin production and facilitate treatment decisions. UCPCR is a new, noninvasive, and stable marker for endogenous insulin secretion, and has shown good correlation with serum C-peptide during a mixed-meal tolerance test.[@CIT0006],[@CIT0010] Some studies have started to use UCPCR as a convenient tool for evaluating islet β-cell function and even to facilitate screening for monogenic diabetes in young-onset patients.[@CIT0026],[@CIT0027] Sebahat and colleagues reported that UCPCR ≥ 0.22 nmol/mmol could distinguish MODY from T1DM with 96.3% sensitivity and 85.7% specificity.[@CIT0024] Shields and colleagues even used UCPCR ≥ 0.2 nmol/mmol as a cut-off point for screening for monogenic diabetes in a population-based cohort.[@CIT0022] However, no study to date has reported the possible role of UCPCR in identifying LADA. In the present study, UCPCR ≤ 0.46 nmol/mmol was established as a cut-off point for distinguishing LADA from T2DM, and the performance of UCPCR in identifying LADA was similar to that of fasting C-peptide.

UCPCR, therefore, represents a non-invasive and stable measurement alternative to traditional serum C-peptide testing for detecting endogenous insulin production. UCPCR is capable of determining β-cell function in long-duration T1DM with minimal insulin secretion.[@CIT0028] Other studies have even expanded UCPCR use to an outpatient setting for identifying T2DM and MODY.[@CIT0011] The reliability and noninvasiveness of UCPCR may, therefore, be of benefit in other clinical settings.

The present study had some limitations, including its single-center design with a relatively small patient cohort. Further studies using UCPCR to identify LADA in a larger, newly diagnosed population would extend the validity of our findings.

The gold-standard diagnosis criteria for LADA remain positive for at least one autoantibody (GADA, IA-2A), age at onset of diabetes ≥30 years old, and at least 6 months without insulin treatment after diagnosis. Considering the practical limitations of this criteria in the general population, the UCPCR cut-off can serve as an initial screening measure for LADA. Similarly, the UCPCR cut-off can be used to differentiate LADA from T2DM as the LADA patients may need early insulin administration.

Conclusion {#S0005}
==========

Frequent misdiagnosis as T2DM means that patients with LADA are typically treated with therapies indicated for non-autoimmune forms of diabetes, resulting in a rapid decline of β-cell function, particularly in younger and leaner subjects and those with high GADA titers.[@CIT0029],[@CIT0030] Thus, early detection of LADA, especially to distinguish LADA from T2DM, is critical for appropriate treatment selection. Our study describes a non-invasive and convenient method for identifying LADA which may contribute to the early detection of this unique subtype of diabetes and facilitate personalized treatment strategies.
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[^1]: **Notes:** ^a^2 were missing for BMI; 15 was missing for HbA1c; 5 was missing for total cholesterol, HDL, LDL; 6 were missing for triglyceride; 4 were missing for fast plasma glucose; 2 were missing for fast C-peptide. †P value from chi-squared and ANOVA test. P \<0.05 was considered significant.

    **Abbreviations:** T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; LADA, latent autoimmune diabetes in adults; BMI, body mass index; HbA1c, glycated hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; UCPR, urinary C-peptide creatinine ratio.

[^2]: **Notes:** ^a^ Multinomial regression model was used for adjusting confounders. T2DM was the referent outcome and T1DM and LADA were compared with T2DM.

    **Abbreviations:** T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; LADA, latent autoimmune diabetes in adults; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; UCPR, urinary C-peptide creatinine ratio.
